Abstract-The branch correlation coefficient (BCC), the branch power ratio (BPR), and the total mean power (TMP) are often used to characterize the mobile multiple-input multiple-output (MIMO) channel. This work investigates to which degree these parameters are useful for maximizing the channel capacity of multiple-input multiple-output (MIMO) handheld devices used in data mode. A statistical point of view is applied, using about 2800 outdoor to indoor channel sounder measurements obtained with combinations of ten different handsets, four to eight test users, and a variety of different use cases (UCs). All measurements were made in an urban environment in a setup with two different base stations (BSs) and with the users inside a single building. For each measurement combination, the mean capacity (MC) and associated values of BCC, BPR, and TMP are obtained. From the data it is found that the MC is only weakly correlated with both the BCC and the BPR, while the MC is highly correlated with the TMP.
I. INTRODUCTION
T HE multiple-input multiple-output (MIMO) transmission technology is well known for its potential to allow for increased transmission capacity compared to that of traditional single-input single-output (SISO) systems [1] . MIMO technology has long been used in, e.g., 802.11n wireless local area networks (WLANs) [2] and, more recently, MIMO is an important part of the evolving long-term evolution (LTE) systems [3] .
Where (WLAN) devices in the early days were less likely to be in close contact to the device user, e.g., in laptop usage, typical use of handsets or smartphones, commonly referred to as handsets in the following, with both LTE and WLAN, often involve close contact to the user's hand or other parts of the body.
It is well known that the user presence may have a significant influence on the handset performance and depends, e.g., on the type of grip, hand location relative to the body, and orientation with respect to the environment. For example in [4] it is reported that the user presence as modeled by a phantom caused a modest increase in correlation between the antennas, as well as a loss of power of up to 10 dB. The power loss is comparable to what has been reported for SISO terminals, e.g., in [5] , [6] . Similarly in [7] , using a mockup handset and indoor channel measurements, it was concluded that the presence of a user results in a loss of power but otherwise only has a small influence on diversity and capacity.
The work in [8] is based on simulations of the channel in combinations with either simulated or measured radiation patterns including a phantom hand. Here it was found that the capacity of the channel may be reduced by up to 40% when a user hand is present next to the handset, compared to the free space (FS) case. Also based on simulations of the channel in combination with simulated radiation patterns with and without a simple cylinder model of the user's body, the work in [9] considers the case where the handset is carried in a pocket on the user's body. Here a 10%-54% capacity degradation was found compared to the FS case.
The work in [10] and [11] consider the influence of a user on diversity in a handset, based on simulations and measurements of user phantoms. It was found that the correlation is lowered due to the user for frequencies around 870 MHz, but at the same time the power received by the antennas is reduced.
The influence of the channel's cross-polarization ratio (XPR) on the capacity was investigated in [12] for a handset mockup in free space (FS) and in front of a user. Using models of the channel, the capacity was found to depend on the channel XPR, as were the mean effective gain (MEG) and branch correlation coefficient (BCC). Furthermore, the user influence lowered the capacity about 40% for all of the frequency bands 800 MHz, 1.7 GHz and 2.0 GHz. Other studies of capacity for mobile terminals include [13] - [16] , all based on measurements of the channel, some without user influence.
Although many works are based at least partly on simulations and models, measurement based investigations are essential since the effects of the user and the mobile channel are difficult to include in simulations [15] . The work in [17] is based on numerous propagation channel measurements with mock-up handsets and different users situated in an indoor environment. FS capacities and the influence of users are reported for six different handsets.
In the design of handsets, optimization for high capacity is desirable to get the most from the available frequency spectrum. The capacity of the MIMO channel may be computed for a given signal-to-noise ratio (SNR) if the eigenvalues of the channel matrix are known [1] . The channel matrix is given by the random propagation channel in combination with the antenna system properties at both ends of the channel, and thus typically is random and must be analyzed in statistical terms. Since the properties of the propagation channel often cannot be changed, optimizing for high capacity can be interpreted as a matching of the antenna systems properties to those of the channel. The antennas at the mobile station (MS) end of the link is the focus of the current work.
A key question is how to perform the optimization of the antenna system in a design phase to achieve the maximum capacity in typical channels. In practice high efficiency of the antennas, low correlation and branch power ratio (BPR) (in dB) between antenna branches are commonly aimed for when designing handsets.
It is known that a low BCC is important to obtain diversity and necessary (but not sufficient) to reach the highest capacity [18] , [19] . Furthermore, a low BPR and high antenna MEGs are recognized as important for large capacity [20] - [22] . Assuming a known angular power distribution (APD) in the environment, the BCC, BPR, and MEG can all be computed from the radiation patterns of the antennas [23] , [24] . Thus, all the parameters can be considered as attempts to reduce the complexity of the radiation patterns of the antenna system into simpler figure of merits. It is then important to study the relevance of each parameter for optimizing the capacity. This was done to some extent in [25] , where the correlation predicted at the design stage using environment models was compared to actually measured correlation in both FS and with users. It was concluded that the FS results are significantly different from the with user case; furthermore, optimization of the correlation showed little benefit for the actually achieved capacity.
When considering optimization for high capacity, it should be remembered that capacity is a theoretical measure that can only be achieved in the limit with sufficiently powerful coding and (quasi) static channel conditions that cannot be assumed in actual cellular systems. Taking into account the aspects of realistic cellular systems is possible but requires some assumptions on issues such as user mobility, traffic scheduling, cell loading, and network implementation. The works in [26] and [27] are examples of LTE system simulations including different mockup handsets, in FS and with a phantom for obtaining the throughput. Measurements have also been performed in a deployed, but "pre-commercial," LTE system, as reported in [28] where the throughput has been studied for three handsets in FS and hand phantoms. Other LTE field measurements are reported in [29] where different BS antennas are studied.
Given the important differences, it is interesting to note that the work in [26] reports consistent ranking of four mockup devices using either throughput or capacity measures.
The main contribution of the current work is to analyze from a statistical point of view the link between the capacity and the BCC, BPR, and mean power gain, and thereby determine which parameters are in general most relevant for maximizing the capacity. The capacity of an interference free channel is considered, often referred to as a noise-limited scenario. The analysis is based on a large number of MIMO channel propagation measurements involving ten different practical handset designs in realistic use with different users and use cases (UCs). The measurements were carried out in a real micro-cellular propagation environment in an indoor environment, with two dual-band BSs operating simultaneously.
The measurements are described in Section II and the data processing and figures of merits are defined in Section III. The results are discussed in Section IV, followed by conclusions in Section V.
II. MEASUREMENTS
The measurements were made in a micro-cellular setup with two BSs in the city of Aalborg, Denmark, and with the MSs on the top floor of a three-story office building. Both BSs are equipped with two antennas on two bands and all handsets have two antennas, so that MIMO operation can be evaluated. Ten different handsets were measured in FS, with phantoms, and with users.
The measurements were carried out using a wide band MIMO channel sounder [30] , allowing truly simultaneous measurements of the channels from all four low-band (LB) and four high-band (HB) transmitter (Tx) antennas on the two base stations, to four dual-band receiver (Rx) antennas in the handsets. Four handsets were measured at the same time, each with two antennas connected via a 2:1 multiplexing switch. The switch operates fast enough to be considered negligible in the total measurement time for one full MIMO channel sample of about 164 . Assuming a max speed of 1 m/s, this measurement duration corresponds to a max phase error of about 0.5 .
Since all Rx channels are dual-band, the overall size of the measured MIMO channel was 8 16 (Tx Rx). The wide band channel matrix was measured at a rate of 60 Hz to cope with channel changes due to the movements of the users and other changes in the channel.
The measurement campaign for the current work was similar to the one described in [17] , but with some important differences. The campaign is outlined in Table I , where reference is made to the handsets labelled H1, H2, , H6, H11, , H14, which are described further in Section II-A below. Figs. 1 and 2 illustrate the measurements.
A. Handsets
The ten handsets used in this work are mock-ups specially designed to be realistic with respect to antenna shape and size, electromagnetic properties, casing, and handling. At the same time, the mock-ups allow for connection to the channel sounding equipment. Some of the handsets have been designed to mimic typical devices on the market while others are more experimental. All of the handsets are made in PC-ABS plastics using a 3-D rapid prototyping printer, allowing for a very accurate mechanical design and natural user handling.
An overview of the handsets is given in Table II . Note that in addition to H6, another handset, H6r, is created by using H6 upside-down. This is relevant for H6, since the influence of the users is expected to be significantly different due to the location of the antennas in that handset.
All of the handsets were connected to the sounding equipment via optical fibers, thereby avoiding the problems associated with using regular coaxial cables, such as changing the electromagnetic properties of the devices and making controlled measurements difficult. These problems are detailed further in [17] while Table I. [31] describes the optical units. Fig. 3 shows the internals of a handset and one in use.
III. DATA PROCESSING Different MIMO constellations are possible based on the measurements described in the previous section. The following are considered in this work: BS1LB The two LB Tx branches from BS1 are used to form a 2 2 MIMO setup for each handset.
BS1HB Similarly, the two HB Tx branches from BS1 are used to form a 2 2 MIMO setup.
BS2LB
The two LB Tx branches from BS2 are used to form a 2 2 MIMO setup for each handset.
BS2HB Similarly, the two HB Tx branches from BS2 are used to form a 2 2 MIMO setup.
The MIMO channel is described by the matrix consisting of the elements where indices denote, respectively, the th Rx antenna branch, the th Tx antenna branch, and the th time index. The -index specifies a combination of the MIMO constellation, handset, orientation/location, repetition number, user, and UC (see the overview in Table I ), where each combination results in a different MIMO channel measurement. For brevity, the combination details are omitted in the following description. The superscript indicates a raw/unnormalized measurement. The scalar is the complex gain of the narrowband channel between the Tx and Rx branches, obtained via discrete Fourier transform of the measured complex impulse response (IR). To ensure a fair comparison, the channels are normalized to the mean power of all handsets in FS. The mean is computed independently for every Tx branch, mainly to remove path loss differences due to the distance and frequency. The FS average power gain for the th Tx branch is computed as (1) where is the number of Rx branches of the handsets, and is the number of narrowband samples in each measurement. The averaging is done over combinations of handset, orientation, UC, etc. The normalized channel matrix has the elements (2) where is the un-normalized complex gain. With the above normalized narrowband channel, the signal received by a handset can be described as , where is the vector of transmitted symbols with length , is a same size noise vector, and is the random channel matrix. Assuming that the transmitter has no knowledge of the channel and no interference is present, the capacity of the channel is given by [1] ( 3) where is the th eigenvalue of the matrix and . The number of Tx antennas for the constellation is given by and is the SNR. Note that is defined relative to the normalization in (2), computed using the average power over all FS measurements. If a given measurement, say for a specific handset including the losses for a user, has a different average power , the capacity obtained with (3) equals that obtained by using the normalization and a scaled SNR. Assuming the power difference is due to a pure scaling, the following refers to as the resulting effective SNR. The instantaneous channel capacity is random and in the following the mean capacity (MC) is used as a measure of the capacity performance, i.e., (4) In order to characterize the capacity variation during a measurement, the capacity spread (CS) is defined as (5) where is the -level outage capacity estimated from the measured random capacity.
Following an approach similar to that used in [33] , a Taylor series is used to rewrite the capacity in (3) (6) where the series converges on the condition that . The contribution of the eigenvalues for which to (3) are and hence in many cases will be insignificant compared to the terms for which . Simply omitting the terms corresponding to small eigenvalues, a lower bound for the MC is obtained as
where the last term of (6) converges to and thus can be omitted. The term is the SNR in dB and is the effective channel rank defined as the maximum such that , assuming the eigenvalues are sorted in decreasing order. It can be noted that for large SNR , and the approximation is identical to the one given in [34] , where the first term of (7b) is defined as the channel richness. In the current work the name effective richness is used for the term since it here depends on .
The linear relation of the lower bound in (7) shows that the SNR and thus the average power gain of the channel plays an important role for the capacity. However, the question of the tightness of the lower bound remains, since the capacity also depends on the eigenvalues and not only the total power. Note that the total instantaneous power may be written in terms of the eigenvalues as (8) Typically the mean power is used to characterize the combination of the channel and the antenna, such as in the MEG [24] , [35] . In the current work the total mean power (TMP) for the th configuration is defined as the sum of the power received by the antennas, averaged over time and the Tx branches:
Another typical antenna characteristic is the branch power ratio (BPR) which here, for the th Rx antenna, is defined as
where and is used in the following, since all handsets have two antennas.
Correlation is also considered as being important for the capacity. The branch correlation coefficient (BCC) for the th handset measurement is defined here as (11) where is with the mean value subtracted, and where and is again used in the following. Note that the complex correlation between signals originating from the same Tx branch is considered here, as the main interest is the change in the correlation due to the properties of the different handsets while the BS end of the link is unchanged.
IV. RESULTS

A. Repeatability
In principle a repeated measurement with the same setup should yield the same results in terms of, e.g., MC, but in practice this may not be the case for several reasons, including the following:
• Noise and other uncertainties in the measurement system.
• Differences in the handling of the handset, such as exact angle with respect to vertical, the location of the user's fingers. Even if the user is instructed to use the same grip, small changes are inevitable.
• Similarly, minor changes in, e.g., the measurement route, orientation, and walking speed must be expected. Even if the environment is stationary in statistical sense within the local area of movement, only a finite set of samples are acquired resulting in variation in the estimated values of, e.g., MC.
• Changes in the surrounding environment, such as due to persons walking by the measurement location. In order to evaluate the variation, a number of repeated measurements have been studied. In particular the data mode portrait (DMP) UC is emulated in FS by mounting the handsets on a block of expanded polystyrene (EPS) at an angle of 45 . The block of EPS with the handsets is on top of a wheeled table and during the measurements the table is moved randomly within one of the different squares, A-D. Measurements with the G1 set of handsets are considered (see Table I ) and all combinations of the four squares and the four handsets are included, all of which are repeated. In total 378 combinations are used in the statistics.
For every combination of MIMO constellation, handset, and square, all the repeated measurements are collected and the MC, TMP, BPR, and BCC values are computed according to (4) , (9), (10), and (11), respectively. For each measure, the repeated measurements result in random samples which are normalized with the sample mean of the particular combination. The normalized values are grouped together and percentiles are estimated. Table III shows the results for the different measures and MIMO constellations. In general a quite good match is achieved with the TMP within about 0.9 dB in 90% of the cases, while the BPR is within about 1.8 dB, the BCC within about 0.1 and the MC within about 0.4 bit/s/Hz, all in 90% of the cases.
B. Relation Between Mean Capacity (MC) and Channel Characteristics
In this section, the focus is on how the capacity of realistic handsets/channels is linked to the observed TMP, BPR, and BCC, which are typically used to characterize the antennas and channel. To this end, the measurements discussed in Section II are used for statistical analysis, where in total about 2800 different combinations of handsets, orientations, users, UCs are included, of which about 1000 are measured in landscape mode with a user, about 700 are in portrait mode with a user, and about 1100 are in FS. The statistics are based on independent computation of the MC, TMP, BPR, and BCC for all of the about 2800 measurements. Fig. 4 . shows scatter plots of the MC versus the TMP, where each data point is computed using (9) and (4), assuming an SNR of 10 dB. Each point in the plot corresponds to one of the about 2800 combinations of handset, orientation, user, UC, etc. The figure shows plots for the BS2LB and BS2HB constellations; similar results are obtained for BS1LB and BS1HB.
Note that, as described in Section III, the channels are normalized to the mean power in FS which means that the majority of measurements have a TMP less than 0 dB due to the body loss of the user, which is present in most measurements.
From the figures the MC appears strongly dependent on the TMP and thus the effective SNR in the channel, where the curved overall shape formed by the points may be explained by the logarithm in the capacity formula (3) . Within the observed range of TMP the dependence is roughly linear, as shown by the dashed lines which are linear least squares fits to the scatter points.
The lower bound in (7) is linear with a slope given by , where is the effective rank of the channel. The slope of the least square fits in Fig. 4 are 0.35 and 0.33 for BS2LB and BS2HB, respectively, thus indicating that the effective rank equals one for the 10-dB SNR. However, it should be emphasized that the observed capacity values are not the result of varying the SNR parameter, , of (3). Instead, the measurements with different channel/antenna combinations result in effective changes in the SNR, due to changes in the eigenvalues, see (8) . The plots indicate that although the measurements have different eigenvalues, these changes show mainly as changes in the effective SNR for the capacities.
Similar scatter plots are shown in Fig. 5 where the MC is plotted versus the absolute BPR, again for BS2LB and BS2HB. Here it is noticed that for most (about 90%) of the measurements the BPR is less than 6 dB and that the MC appears weakly correlated to the BPR. This corresponds well with the investigations in [21] , based on simulations, showing that a BPR of 6 dB corresponds to less than 3-dB change in SNR, and a BPR of 3 dB corresponds to less than 1.5 dB of change in SNR. Fig. 6 shows the scatter plots for MC versus BCC for BS2LB and BS2HB. From the figure it is noticed that for the LB almost any value below 0.9 of the BCC has been measured, but the MC in general shows only a weak dependence. Note that a relatively high MC may be observed together with a high correlation if combined with a high TMP. This, however, is not a general tendency, since the TMP and BCC has a low correlation, see Table IV. A high correlation between the antenna outputs may potentially decrease the capacity, as it was concluded from model based investigations in [18] . However, the work in [20] concludes, for dipoles in an isotropic environment, that complex correlation values below 0.5 hardly affects the capacity. Even for values up to 0.75 the capacity change is relatively small, less than the change caused by a 2-dB reduced SNR. This agrees well with the weak correlation between MC and the BCC, since most of the observed BCC values are less than 0.75.
For the HB the majority of the channels may be considered weakly correlated, with BCC most values below 0.5. Furthermore, no clear correlation exists between the MC and the BCC.
For comparison, it may be noted that Harryson et al. [4] found the BCC to be less than 0.8 in about 90% of the cases for measurements made around 2.6 GHz with a personal digital assistant (PDA) type mockup handset with four planar in- verted-F antenna (PIFA) elements, both in FS and mounted on a phantom. On the other hand, Michalopoulou et al. [9] found the BCC close to 0.1 for simulated antennas at 1800 MHz, both in FS and with a cylinder shaped model of the user's body. Plicanic et al. [10] obtained envelope BCC of up to 0.57 in FS and 0.45 with a phantom head and hand (next to head), both for integrated antennas of a PDA-type handset and assuming a uniform APD at 870 MHz. BPRs between 2 dB and 4 dB were observed.
Using propagation measurements with mock-up devices, Yanakiev et al. report (envelope) BCCs for two bands [25] . Low BCCs were found for 2.3 GHz, where three handsets had 95%-percentiles less than 0.32 both in FS and with users. For measurements in the 776 MHz band, BCCs of 0.38 and 0.87 in FS were measured for two handsets, which was reduced to 0.52 and 0.64, respectively, when users were present.
The correlation coefficients between the different measured parameters are summarized in Table IV where an SNR of 10 dB is used to compute the capacities. It is firstly noticed that the correlation coefficients (CCs) are roughly independent of the MIMO constellation. As expected from Fig. 4 , the MC is strongly correlated to the TMP with CCs above 0.96 in all cases, while the MC is negatively correlated to the BPR with CCs between 0.21 and 0.28. The MC and the BCC shows only relatively small CCs, less than 0.17. Since the capacity depends on the SNR, the CCs may also depend on the chosen SNR. Fig. 7 shows the obtained CCs between the MC and the TMP, BPR, and BCC parameters, respectively, for SNRs in the range 0-30 dB.
The general tendency of the CC between the MC and the TMP [ Fig. 7(a) ] is a slight increase from 0 dB with peak around 5-10 dB, followed by a decrease in CC with increasing SNR. Two mechanisms may explain this. First, for low SNR the curve for MC versus TMP is slightly curved (convex), as in Fig. 4 , due to the logarithm in the capacity formula. The curvature tends to lower the CC. Second, for large SNR the differences in MC among the scatter points are larger, see example in Fig. 8 , leading to a decreasing CC between the MC and the TMP.
At the same time the absolute value of the CC between the BPR and the MC increases with SNR, as well as for the CC between the BCC and the MC, the latter only for the LB. Thus, when the SNR is growing the other parameters become more important, although seemingly at a decreasing rate and tending to a plateau.
The points in Fig. 8 corresponding to H4 are clearly visible in the lower part of the plot with a slope of roughly 0.3, giving an effective rank of about one. Similar is valid for H3. H3 and H4 both have a single antenna at the LB and therefore the maximum rank is one. In contrast, the slope of the regression line shown in Fig. 8 corresponds to an effective rank of about two. If H3/H4 
C. Relation Between Capacity Spread (CS) and Channel Characteristics
The CS was defined in (5) as the difference between the 90%-and 10%-percentile of the instantaneous capacity. Examples of the obtained CS values are given in Fig. 9 in a scatter plot of the CS values versus the TMP for the channels from BS1LB to the handsets. It is found that the CS is within about 1-4 bits/s/Hz for an SNR of 10 dB, but the CS depends on the SNR. From  Fig. 9 , the CS is clearly correlated with the TMP. An overview of the correlation coefficients versus SNR is given in Fig. 10 , where also curves for the correlation coefficients between CS and BCC, and between CS and BPR are given. All the curves are for BS1LB but the results are similar to those for BS2LB, BS1HB, and BS2HB.
The correlation between the CS and TMP generally decreases with increasing SNR, with values above 0.6 for 0-15 dB SNR. This is due to the variation in the CS which is generally increasing with increasing SNR.
A main observation is that the correlation coefficients between CS and BPR and between the CS and the BCC are generally low, with absolute values of 0.05-0.40. 
V. CONCLUSION
The current work concerns the relation between the capacity and the total mean power (TMP), Rx branch power ratio (BPR), and the Rx branch correlation coefficient (BCC), respectively. The investigation is based on about 2800 measurements of the multiple-input multiple-output (MIMO) channel between two vertically polarized BSs and ten different handsets held by four to eight test users in different use cases (UCs), also including free space (FS). The measurements were made with the users in one indoor environment.
The estimated correlation coefficient (CC) between the mean capacity (MC) and the TMP is generally high, with CC above 0.95 for an SNR of 10 dB and above 0.75 for 0-30 dB SNR. Conversely, the CC between both the MC and the BPR, and between the MC and BCC is relatively low. The absolute CC are in both cases less than 0.35 for an 0-30 dB SNR.
While both the BPR and the BCC are affecting the mean capacity in theory, the results show that for the practical handsets and live users involved in the selected setup, both the BCC and the BPR are in practice insignificant parameters in determining the MC of a realistic handset. As might be expected, the TMP is highly significant.
The capacity spread (CS), defined as the difference in the 90% and 10% outage capacity, is a measure of the capacity variation for each measurement. The CC of the CS and both the BCC and the BPR is generally low, less than about 0.35 (absolute values) for 0-30 dB SNR. The CC of TMP and CS, on the other hand, is about 0.9 for a 0-dB SNR, decreasing to about 0.2 for a 30-dB SNR. The decrease in the CC is due to larger variation in the CS among the measurements for an increased SNR.
